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A Pathway for Association of Receptors, Adaptors,
and Actin during Endocytic Internalization
movement of newly formed vesicles into the cytoplasm,
or both (Merrifield et al., 2002). This description of the
sequence of key molecular events during clathrin-
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University of California, Berkeley coated vesicle formation was an important advance for
the field. It is now necessary to extend this type ofBerkeley, California 94720
analysis to additional endocytic proteins, and to deter-
mine the effects of impairing endocytic protein functions
on the order and timing of events. Budding yeast wouldSummary
be an attractive organism for real-time microscopy stud-
ies of endocytic events because many endocytic pro-In budding yeast, many proteins involved in endocytic
internalization, including adaptors and actin cytoskel- teins have been identified in this organism, and because
the activities of these proteins can be modified geneti-etal proteins, are localized to cortical patches of dif-
fering protein composition. Using multicolor real-time cally.
In budding yeast, most of the proteins known to befluorescence microscopy and particle tracking algo-
rithms, we define an early endocytic pathway wherein involved in endocytic internalization localize to punctate
cortical structures that often partially or fully colocalizean invariant sequence of changes in cortical patch
protein composition correlates with changes in patch with cortical actin patches, structures of mysterious ori-
gin and function that were first observed in fixed cellsmotility. Three Arp2/3 activators each showed a dis-
tinct behavior, suggesting distinct patch-related endo- two decades ago (Adams and Pringle, 1984; Kilmartin
and Adams, 1984). The actin patches have been sug-cytic functions. Actin polymerization occurs late in the
endocytic pathway and is required both for endocytic gested to function in endocytosis (Engqvist-Goldstein
and Drubin, 2003; Geli and Riezman, 1998; Munn, 2001).internalization and for patch disassembly. In cells lack-
ing the highly conserved endocytic protein Sla2p, Among the proteins found in cortical patches are cy-
toskeletal proteins including the Arp2/3 complex andpatch motility was arrested and actin comet tails asso-
ciated with endocytic patch complexes. Fluorescence several of its activators, and endocytic adaptors and
scaffolds. An additional, unexplained feature of theserecovery after photobleaching of the actin comet tails
revealed that endocytic complexes are nucleation patches is their dynamics. They have lifetimes of only
5–20 s (Smith et al., 2001), and they are highly motilesites for rapid actin polymerization. Attention is now
focused on the mechanisms by which the order and (Carlsson et al., 2002; Doyle and Botstein, 1996; Waddle
et al., 1996). A further intriguing patch feature is thattiming of events in this endocytic pathway are
achieved. there appear to be different kinds of patches that have
different protein compositions and different motile prop-
erties (Warren et al., 2002). How these different patchesIntroduction
relate to each other and to endocytosis has been un-
clear. While functional studies and protein interactionsEndocytosis of plasma membrane and cargo molecules
requires interaction of a large number of different pro- suggest an actin involvement in yeast endocytosis, at-
tempts to show a direct linkage between these two sys-teins. These proteins cluster cargo molecules, invagi-
nate the membrane, and release vesicles. Much remains tems have been largely unsuccessful (Mulholland et al.,
1999), raising doubts about whether actin directly partic-to be learned about the precise functions of the different
endocytic proteins, and about when and where they ipates in endocytosis. Here we define a finely choreo-
graphed pathway of formation, internalization, and dis-function during endocytosis. Furthermore, how the com-
plex activities of these proteins are coordinated in living assembly of the budding yeast endocytic complex, and
show that actin and Sla2p are directly involved in thecells is not well understood.
Actin plays an important but poorly understood role internalization step of this pathway.
in endocytic internalization. In budding yeast, actin func-
tion and continuous actin filament turnover are essential Results
for endocytosis (Munn, 2001). In addition, mutants of
many actin-associated proteins are defective for endo- We tagged six yeast proteins involved in endocytosis
cytosis (Munn, 2001). In animal cells, actin is also in- with GFP spectral variants and analyzed their localiza-
volved in endocytic internalization, although this role is tion and dynamics in living cells using multicolor wide-
not always obligatory (Engqvist-Goldstein and Drubin, field epifluorescence microscopy. We focused our study
2003; Geli and Riezman, 1998; Qualmann et al., 2000). on the Arc15 subunit of the Arp2/3 complex and three
Actin has recently been shown by real-time microscopy activators of the Arp2/3 complex: Pan1p, Abp1p, and
to transiently accumulate at coated pits just before inter- Las17p (Goode and Rodal, 2001). In addition, we looked
nalization, and it has been suggested that actin polymer- at Sla1p, an adaptor for NPFX(1,2)D-mediated endocytic
ization may drive plasma membrane invagination, or internalization (Howard et al., 2002), and Sla2p, a protein
thought to function at the interface between the actin
cytoskeleton and the endocytic machinery (McCann and*Correspondence: drubin@socrates.berkeley.edu
1These authors contributed equally to this work. Craig, 1997; Wesp et al., 1997; Yang et al., 1999). Pan1p
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and Sla2p have mammalian homologs which localize ment was restricted to the site where the patch formed,
followed by a transition to a highly motile phase (Figureto clathrin-coated pits (Engqvist-Goldstein et al., 1999;
1C). The fact that Abp1p patches can assume stationaryTebar et al., 1996). Abp1p and Las17p, which is yeast
and motile states has been described, but it was surpris-WASP, are also conserved. Each protein was expressed
ing that every patch transitions through these states infrom its own promoter, at its normal chromosomal locus,
a predictable manner. Arc15-GFP patches behaved inand as the only source of the protein in the cells. Dele-
a similar manner. Three endocytic scaffold proteins,tions of SLA1, SLA2, PAN1, LAS17, or ARC15 cause
Sla1p, Sla2p (related to mammalian Hip1R), and Pan1psevere phenotypes (Holtzman et al., 1993; Li, 1997;
(Arp2/3 activator related to mammalian Eps15) similarlyWendland et al., 1996; Winter et al., 1999). The fusion
exhibited two phases: initially restricted movements fol-proteins appeared to be functional as the strains used
lowed by a motile phase (Figure 1C). However, the move-in this study grew at rates similar to wild-type cells over
ments of these scaffold proteins were highly directionala broad temperature range (25–37C), exhibited normal
and covered a shorter distance than Abp1p and Arc15pmorphology, and endocytosed normally as determined
(about 200 nm as compared to 500–1000 nm for Abp1pby an FM4-64 uptake assay (data not shown).
or Arc15p). Las17p patches showed a unique behavior
among the patch proteins. These patches typicallyCortical Patch Turnover and Motility
stayed at the site where they formed throughout theirEach of the fusion proteins localized to punctate cortical
entire lifetime (Figure 1C). Each of the three yeast Arp2/3patches. Because the sizes of these patches were below
activators therefore behaves in a different manner, sug-the resolution limit of the light microscope, they were
gesting different functions. Las17p has the longest life-visible as diffraction limited disks (Figure 1A and Supple-
time but does not move. Pan1p has an intermediatemental Movie S1 available at http://www.cell.com/cgi/
lifetime and moves only a short distance before disap-content/full/115/4/475/DC1). We first analyzed the life-
pearing. Abp1p has the shortest lifetime, but moves overtimes of the patches. Abp1p patches are known to con-
the longest distances and at the highest rates.tinuously form and disassemble (Smith et al., 2001). We
Importantly, it was evident from the Sla1p, Pan1p, andused both 3D confocal and 2D wide-field fluorescence
Sla2p patch trajectories in medial focal planes that whenmicroscopy to measure the lifetime of Abp1-GFP
they begin to move, they are moving off of the cortex,patches (See Supplemental Movie S2 at above URL).
toward the cell center. In Figure 1C, the first time positionBoth methods gave similar lifetimes, which were compa-
in each trace is green, and the last is red. Each trace israble to the published average lifetime of 10.9 s obtained
oriented with the cell cortex (marked by a dashed line)using 3D imaging (Smith et al., 2001). Thus, it appears
up and the cell center down. Figure 1D shows in greenthat the patches are visible in one focal plane during
and red the first and last locations from tracks of 23most of their lifetime. Furthermore, the long-range
individual Sla1p patches in a medial focal plane of amovements, which may result in patches moving out of
single cell captured during a 4 min movie. All patchesthe focal plane, are restricted to the final phase of a
that were clearly resolved from neighboring patches andpatch’s lifetime (see below). As 2D microscopy gives
that formed and disappeared within the 4 min movie
higher temporal resolution with less photobleaching of
were included in the figure (Supplemental Movie S3).
the very dim patch signals, it was used for the rest of
Every patch moves away from the cortex toward the
the experiments.
cell center. We considered the possibility that these
The patch lifetime determined for a particular patch movements might be due to movement of patches along
component was very regular and fell into one of two the membrane, perpendicular to the focal plane. How-
distinct groups (Figure 1B). Abp1p and Arc15p had life- ever, if this was the case, there should also be a subpop-
times of about 15 s while Sla1p, Pan1p, Sla2p, and ulation of patches that moves laterally on the plasma
Las17p had longer lifetimes ranging from30–40 s. The membrane within the observed focal plane, and we
differences between these two groups were statistically should also see movements from the more central posi-
highly significant (p  0.01). Differences in patch life- tions outward, toward the cell cortex. As we did not
times for all pairs of proteins in the second group, except observe these movements, we conclude that the most
for the Sla1p-Pan1p, Pan1p-Sla2p, and Sla2p-Las17p likely explanation is that the patches are moving away
pairs, were also statistically significant. The differences from their initial cortical position, toward the cell center.
in lifetimes for different proteins cannot be explained Furthermore, the constant rate of movement suggests
by intensity differences, as Abp1p and Arc15p patches that we are not misinterpreting a three-dimensional
had the shortest lifetimes and were also brightest. Sla1p, movement (Figure 1C). Finally, the very predictable be-
Pan1p, and Sla2p were intermediate in brightness and havior of patches, which first show restricted move-
lifetimes, while Las17p patches had the longest lifetimes ments, then move off the cortex, suggests that patch
but were the dimmest (data not shown). In the images appearance represents de novo patch formation rather
shown throughout this paper, the signal intensities have than movement of a pre-existing patch along the cortex,
been adjusted for optimal presentation. into the field of focus. The directionality and distance
Patch motility was analyzed using a particle-tracking of these movements is consistent with budding of endo-
algorithm (Figure 1C). Abp1-GFP patches were highly cytic vesicles from the plasma membrane (Higgins and
motile and moved in an apparently random manner con- McMahon, 2002).
sistent with earlier reports (Carlsson et al., 2002; Doyle We also correlated the development of fluorescence
and Botstein, 1996; Smith et al., 2001; Waddle et al., intensity of the Abp1p and Sla1p patches with their
1996). Our analysis, however, revealed an unexpected movement. For this analysis, intensities were corrected
for photo-bleaching. The fluorescence intensity of thefeature. Each patch had an initial phase when its move-
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Figure 1. Dynamic Behavior of Patch Proteins
(A) Single frames from movies of live cells expressing different GFP-tagged patch proteins. See Supplemental Movie S1 (available at http://
www.cell.com/cgi/content/full/115/4/475/DC1).
(B) Lifetimes for different patch proteins  standard deviation. n  30 patches for each strain.
(C) Tracking of individual cortical patches. Positions of the centers of patches were determined in each frame of a movie from a medial focal
plane of a cell and consecutive positions were connected by lines. Green and red dots denote the first and last positions, respectively, of
each patch. Patch traces are oriented so that the cell surface is up (the dashed line) and the cell interior down. The time difference between
each position along the track is 0.25 s for Abp1-GFP and Arc15-GFP, 0.5 s for Sla1-GFP, Pan1-GFP, and Sla2-GFP, and 1 s for Las17-GFP
due to different exposure times needed to visualize different patch proteins.
(D) Tracking of Sla1-GFP patches in a single cell for 4 min. A green dot denotes the first and a red dot the last position of each patch. The
black line shows the outline of the cell. The lower panel shows a single frame from the movie, which was used for tracking. (See Supplemental
Movie S3).
(E–F) Quantitation of fluorescence intensity and distance from the site of patch formation for Abp1-GFP (E) and Sla1-GFP (F) labeled patches
as a function of time. Each curve represents data from one patch. Fluorescence intensity over time was corrected for photobleaching. Data
shown for four (E) or five (F) patches.
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patches develops in a very regular manner, increasing
first, and then decreasing (Figures 1E and 1F). Fast
movement of Abp1p patches away from the site of for-
mation starts suddenly and only after the intensity has
already fallen considerably (Figure 1E). In contrast,
Sla1p patches started to move at the time when their
fluorescence intensity just begins to decline (Figure 1F).
Abp1p and the Sla1p intensity developed in a highly
regular manner, suggesting that the assembly and dis-
assembly of endocytic complexes is tightly regulated.
The changes in intensity appear intimately linked to the
onset of motility. The average apparent speed of the
Sla1p patches in the plane of focus during the motile
phase is about 25 nm/s. The speed of Abp1p patches
during the final fast phase is about 230 nm/s.
Spatiotemporal Colocalization of Patch Proteins
To reveal the spatiotemporal relationships between dif-
ferent patch proteins, we coexpressed GFP and CFP
tagged pairs of proteins, and imaged the cells in real
time with a YFP/CFP filter set. YFP tagged proteins
photo-bleached too quickly to be useful for collection
of images over time. Although the GFP signal is low
through YFP filters, there was no detectable bleed-
through and the signal was very stable.
Remarkably, the two-color analyses revealed an in-
variant pathway in which different proteins are recruited
to patches in a sequential manner. For example, Sla1-
GFP appeared at patches early, and was later joined by
Abp1-CFP (Figures 2A and 2B and Supplemental Movie
S4). The two proteins coexisted on a patch only tran-
siently, with Sla1-GFP disappearing from the patch
shortly before Abp1-CFP. Sla1-GFP patches were invari-
ably joined by Abp1-CFP shortly before the patches
disappeared (n  141 patches). Conversely, Abp1-GFP
patches were always derived from Sla1-CFP patches
(n  151). This behavior explains the finding that only
about 30% of Sla1p patches contain Abp1p (Warren et
al., 2002).
Las17p and Sla2p showed relationships to Abp1p sim-
ilar to Sla1p. Both appeared at a cortical patch early
and were later joined by Abp1p (Figures 2C, 2D, 2G,
and 2H and Supplemental Movies S5 and S7). Pan1p
colocalized with Sla1p extensively (Figures 2E and 2F
and Supplemental Movie S6). Arc15p, however, joined
Sla1p patches late, similar to Abp1p (Figures 2I and 2J
and Supplemental Movie S8), and showed essentially
complete colocalization with Abp1p (data not shown).
Furthermore, Sla1p showed nearly complete colocaliza-
tion with both Las17p and Sla2p throughout the patch
lifetime (data not shown). These results suggest that Figure 2. Sequential Changes in Patch Composition
every patch undergoes a similar series of changes in Localization of GFP- and CFP-tagged patch proteins in living cells
protein composition. (A, C, E, G, and I) Single frames from both GFP and CFP channels
of a movie and a merged image. Time to acquire one image pair
was 2.8 s for (A), (E), (G), and (I) and 5 s for (C). (See SupplementalActin Polymerization and the Widely Conserved
Movies S4–S8 available at http://www.cell.com/cgi/content/full/Endocytic Protein Sla2p Are Required
115/4/475/DC1).
for Patch Motility (B, D, F, H, and J) Time series showing composition of a single
The regular development of fluorescent intensities and patch. Upper and middle panels show two separate channels and
onset of patch movements suggest that the changes the lower panel shows merged images.
in patch composition are coupled to changes in patch
behavior. To illustrate this point, in Figure 3A we show
an alignment of averaged intensity and distance curves
for Sla1-GFP and Abp1-GFP patches using the data
A Pathway for Endocytic Internalization
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from the patch just before the fast Abp1p-associated
patch movements start (Figure 3A). As Abp1p and
F-actin show indistinguishable localization at cortical
patches in fixed cells (Drubin et al., 1988), and as the
Arp2/3 complex component Arc15p colocalized exten-
sively with Abp1p (data not shown), we hypothesized
that actin polymerization might propel endocytic vesi-
cles containing Sla1p, Sla2p, and Pan1p into the cyto-
plasm (Figure 3B) as has been proposed for clathrin-
coated vesicles in mammalian cells (Merrifield et al.,
2002). To test this possibility, we incubated cells ex-
pressing Sla1-GFP with 200 M latrunculin A (lat A), a
drug that sequesters actin monomers (Ayscough et al.,
1997). This treatment leads to disassembly of cortical
actin patches and to delocalization of Abp1p from the
cell cortex into the cytoplasm (Ayscough et al., 1997).
Lat A treatment also inhibits endocytosis. Patch localiza-
tion of Sla1p and Sla2p is known to be resistant to lat
A treatment (Ayscough et al., 1997). Interestingly, the
movement of Sla1-GFP patches was completely
blocked by lat A (Figures 3C and 3D and Supplemental
Movies S9 and S10). Also, Sla1-GFP patch disassembly
was inhibited by lat A, with these patches being stable
for at least 2 min compared to about 30 s in the non-
treated cells. Lat A treatment also inhibited movement
of Pan1p patches and the disappearance of Pan1p and
Las17p from patches (data not shown). These results
demonstrate that actin polymerization is required for the
movement of the presumed endocytic vesicle and its
associated protein complex away from the plasma
membrane, and for the subsequent disassembly of
the complex.
Our results presented thus far reveal a pathway in
which endocytic proteins become associated with corti-
cal patches on the plasma membrane in an invariant
order, then move away from the cell cortex, toward the
interior of the cell, finally disassembling. We propose
that this dynamic pathway represents the endocytic in-
ternalization process. Since Sla2p, also referred to asFigure 3. Patch Stabilization in Absence of Actin or Sla2p Function
End4p, has been shown to be required for endocytic(A) Alignment of averaged intensity and distance measurements of
internalization, we next tested effects of sla2 on patchSla1p and Abp1p patches. The data are from single color movies
motility. In sla2 strains Sla1p, Pan1p, and Las17p colo-but curves were aligned based on time separating intensity peaks
in two-color movies. calized at patches (see below). The motility of these
(B) Kymograph representation of Sla1-GFP and Abp1-CFP in a single patches was assessed in sla2 cells expressing Sla1-
patch over time. The left and middle images show single channels GFP. Both Sla1p motility and disassembly were inhibited
and the right image shows the two channels merged, with Sla1p in
in sla2 cells (Figure 3E and Supplemental Movie S11).green and Abp1p in red. Note curvature at end of kymograph as
We also observed similar inhibition for Pan1-GFP inpatch moves off the cortex, toward the cell center.
sla2 cells (data not shown).(C–E) First frames (left) from a movie taken at frame rate of 1 frame/s
and corresponding kymographs (right) of Sla1-GFP-expressing
cells. White lines in the left images show the regions from which Actin Comet Tails Accumulate at the Cell
kymographs were created. (C) Control cell; (D) cell treated with 200
Cortex in sla2 CellsM latrunculin A for 30 min; (E) sla2 cell. Note curvature corre-
Because the actin poison lat A and sla2 both blockedsponding to patches leaving the cortex in kymographs from control
patch motility, we next wished to visualize actin in sla2cell, but not lat A-treated or sla2 cell (also see Supplemental Movies
S9–S11 available at http://www.cell.com/cgi/content/full/115/4/ cells. As a marker for actin, we expressed Abp1-GFP in
475/DC1). an sla2 strain. However, instead of normal punctate
cortical actin patches, we observed comet tails associ-
ated with the cell cortex. To analyze how these comet
tails change over time, we collected images at 0.5 spresented in Figures 1E and 1F. The curves were aligned
based on two-color movies, though the data presented intervals for 1 min. In contrast to the rapid movement
of Abp1-GFP patches in wild-type cells, we observedare from separate single color movies of Sla1-GFP and
Abp1-GFP. The aligned curves clearly illustrate that the that one end of the comet tail is anchored to the cell
cortex (Figure 4A). The other end of the structure pro-movement of Sla1-GFP patches occurs when Abp1-GFP
is recruited to patches, and that Sla1-GFP disappears truded outward, waving in the cytoplasm (Supplemental
Cell
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Figure 4. Actin Comet Tail-like Structures in
sla2 Cells
(A) Timelapse video-microscopy of wild-type
cells (upper panel) or sla2 cells (lower panel)
expressing Abp1-GFP. Right panels show
high magnification view of boxed area. Se-
lected frames from Supplemental Movies S12
(available at http://www.cell.com/cgi/content/
full/115/4/475/DC1) (wild-type) and S13
(sla2) are shown at 1 s and 1.5 s intervals, re-
spectively.
(B) Colocalization of Abp1p and actin in sla2
cells. sla2 cells carrying Abp1-GFP (top),
fixed and stained with rhodamine-phalloidin
(middle).
(C) Actin comet tail structures in sla2 cells.
sla2 and wild-type cells were stained with
rhodamine-phalloidin.
Movies S12 and S13). An identical phenotype was re- GFP in sla2 cells, cells expressing wild-type Abp1p
were fixed and the actin cytoskeleton was visualizedcently observed when levels of the mammalian Sla2p
homolog, Hip1R, were reduced in human cells (A˚.E.Y. using rhodamine-conjugated phalloidin. These sla2
cells clearly displayed actin comet tails at the cell cortexEngqvist-Goldstein, C.X. Zhang, S. Carreno, C. Barroso,
and D.G.D., unpublished observations). (Figure 4C).
To be sure that the Abp1-GFP was faithfully reporting
on actin organization, the cells were fixed and stained An Endocytic Adaptor (Sla1p) and a Receptor Cargo
Protein (Ste2p) Localize to the Junction of Actinwith rhodamine-phalloidin. All of the structures that
stained with rhodamine-phalloidin were also fluorescent Comet Tails with the Cell Cortex in sla2 Cells
Next, we determined if the actin comet tails associatewith Abp1-GFP, and vice-versa (Figure 4B). Thus, the
comet tails contain F-actin. To be sure that the comet with endocytic proteins in sla2 cells. sla2 cells ex-
pressing Sla1-GFP were fixed and stained with rhoda-tails were not induced as a result of expressing Abp1-
A Pathway for Endocytic Internalization
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Figure 5. Association of Endocytic Proteins
with Actin Comet Tails
(A) Colocalization of Sla1p with actin comet
tails in fixed cells. sla2 cells expressing
Sla1-GFP, fixed and stained with rhoda-
mine-phalloidin.
(B) Colocalization of endocytic proteins with
actin comet tails in live cells. sla2 cells ex-
pressed Abp1-GFP (red) and either Sla1-CFP
(green), Las17-CFP (green), or Pan1p-CFP
(green), respectively (also see Supplemental
Movies S14–S16 available at http://www.cell.
com/cgi/content/full/115/4/475/DC1).
(C) Colocalization of Ste2-GFP puncta and
actin comet tails in live cells. sla2 ste2 cells
expressed Ste211KR-G392N-GFP (green) and
Abp1-CFP (red). Similar results were obtained
using wild-type Ste2-GFP, but localization at
the puncta was more difficult to detect.
(D) Colocalization of Sla1p and Las17p in
sla2 cells. sla2 cells expressing Las17p-
GFP (red) and Sla1p-CFP (green).
mine-phalloidin. The actin comet tails associated with or by association of myosins with preexisting filaments,
as is thought to occur during cytokinesis. An importantSla1-GFP at the junction with the cell cortex (Figure 5A).
To observe Sla1p and actin comet tails in living cells, unanswered question is whether actin’s endocytic func-
tion involves filament assembly or recruitment of preex-we expressed Sla1-CFP and Abp1-GFP in sla2 cells
and collected images at 3 s intervals for 1.5 min. The isting filaments. Our real time microscopy showed that,
as in mammalian cells (Merrifield et al., 2002), actin asso-actin comet tails projected outward from the static Sla1p
patches, and continuously waved back and forth in the ciates with endocytic machinery only transiently in wild-
type yeast cells, which highlights the difficulty with an-cytoplasm (Figure 5B; Supplemental Movie S14).
Sla1p was recently reported to serve as an endocytic swering this question. Examining actin turnover in living
sla2 cells in which actin stably associates with endocy-targeting signal adaptor to link NPFX(1,2) D-containing
cargo to the endocytic machinery in yeast (Howard et totic proteins may help address this question.
We performed fluorescence recovery after photo-al., 2002). We next expressed Ste2-11KRG392N-GFP,
which is a plasma membrane receptor internalized by bleaching (FRAP) assays on sla2 cells expressing ac-
tin-GFP. We did not use Abp1p for these studies be-an NPFX(1,2) D-dependent endocytic process (Howard et
al., 2002), and Abp1-CFP in an sla2 strain. As shown cause FRAP analysis of this protein might reflect
exchange of filament-associated Abp1p with its cyto-in Figure 5C, Ste2p was concentrated in puncta at the
junction between actin comet tails and the cell cortex. plasmic pool rather than new filament assembly. Actin-
GFP showed normal actin patch localization in wild-typeTo analyze the localization of additional patch compo-
nents in sla2 cells, we next observed both Pan1-CFP/ cells, and localization in the actin comet tails in sla2
cells. We chose areas densely packed with actin cometAbp1-GFP and Las17-CFP/Abp1-GFP pairs in an sla2
strain. Pan1p and Las17p both localized to the junctions tails for the FRAP experiments to average out the effect
of continuous waving of individual comet tails. The re-of the actin comet tails with the cell cortex (Figure 5B;
Supplemental Movies S15 and S16). As shown in Figure covery of fluorescence after photo-bleaching occurred
in a highly polarized manner. Recovered fluorescence5D, Sla1p and Las17p colocalized with each other tightly
in an sla2 strain. In total, these results strongly suggest was first detected near the cell cortex at the base of
the tails, and then moved toward the center of the cellthat the junction of the actin comet tails with the cell
cortex represents an endocytic site blocked at the inter- (Figure 6A; Supplemental Movie S17). These FRAP data
revealed that actin filament nucleation is occurring con-nalization step. We speculate that Sla2p normally func-
tions to make the transient interaction of actin with an tinuously at or near the endocytic protein complexes,
endocytic site productive for endocytic internalization. with a dynamic behavior reminiscent of what has been
observed for lamellipodia of animal cells (Wang, 1985)
and in Listeria comet tails (Theriot et al., 1992). To furtherActin Filament Assembly Is Nucleated
at Endocytic Sites test this possibility, a bar was bleached across the
comet tails near where they contact the cell cortex. AsActin can generate forces either by new filament assem-
bly, as occurs at the leading edge of a migrating cell, shown in Figure 6C and Supplemental Movie S18, the
Cell
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Figure 6. Actin Is Nucleated at Endocytic Sites in sla2 Cells
(A) Fluorescence recovery after bleaching a cluster of actin comet tails in sla2 cells expressing Act1-GFP. Cells prior to photobleaching are
shown in the upper panel in (A) and (C). Images were recorded every 2 s following photobleaching (see Supplemental Movie S17 available at
http://www.cell.com/cgi/content/full/115/4/475/DC1). The recovery begins near the plasma membrane and moves toward the center of the
cell. The image taken at 40 s shows the complete recovery of the fluorescence.
(B) Kymograph of time-lapse images collected at 2 s intervals. A line in (A) perpendicular to the cortex at the bleached area of the cell in (A)
marks where the kymograph was generated.
(C) Fluorescence recovery after photobleaching a bar along the edge of an Act1-GFP expressing sla2 cell containing a cluster of actin comet
tails. Images were recorded every 2 s following photobleaching (see Supplemental Movie S18). Arrow identifies the bleached bar. The bleached
bar clearly moved from cortex toward the center of the cell over time. The image taken at 40 s shows the complete recovery of the fluorescence.
(D) Kymograph of time-lapse image collected at 2 s intervals. A line in (C) perpendicular to the cortex at the bleached area of the cell marks
where the kymograph was generated.
bleached bar clearly moved away from the cortex to- contrast, the recovery for Abp1-GFP was much faster
and did not appear to follow a clearly polarized patternward the center of the cell over time.
The recovery from photo-bleaching occurred with a (data not shown). These results indicate that Abp1-GFP
turns over throughout the actin tail, and does so moreconstant rate over time (Figures 6B and 6D). We mea-
sured the speed at which the edge of the recovered rapidly than actin or the Arp2/3 complex, of which
Arc15p is a subunit.area moved toward the center of the cell. Data collected
from 10 cells yielded a constant rate of filament move-
ment away from the cell cortex of 45.3 nm/s ( 4.6 nm/s). Discussion
Moreover, after the photobleaching fully recovered,
stripes with similar slopes due to nonuniformity in the An Early Endocytic Pathway
A model for the early endocytic pathway in buddingassembling actin comet tails, continued to be observed
in the kymographs (Figures 6B and 6D), reinforcing the yeast is presented in Figure 7. First, several early pro-
teins, including Arp2/3 activators and endocytic adap-conclusion that at steady-state actin in the comet tails
continuously assembles near the cortical endocytic tors and scaffolds, assemble in a nonmotile complex
at the plasma membrane. Whether cargo proteins arecomplexes and disassembles toward the cell interior.
Interestingly, FRAP analysis of Arc15-GFP, which is recruited to this complex subsequent to its formation
or vice versa is presently not known. These early pro-present throughout the tails, gave a similar rate and
pattern of recovery to actin-GFP (data not shown). In teins are known to interact with each other physically.
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Figure 7. Pathway for the Association of Receptors, Adaptors, and Actin during Endocytic Internalization
Time in seconds indicated at top. See text for description.
For example, Sla1p can bind directly to Sla2p, Pan1p, is recruited to the endocytic site just as a membrane
invagination is formed, has been observed in mamma-and Las17p (Gourlay et al., 2003; Li, 1997; Tang et al.,
2000). Actin, Abp1p, and the Arp2/3 complex are re- lian cells (Merrifield et al., 2002). We note that essentially
all of the proteins investigated in our study have mam-cruited late in the life of the patch, whereupon the com-
plex containing Sla1p, Sla2p, and Pan1p moves away malian counterparts that have been implicated in endo-
cytosis, and therefore speculate that general featuresfrom the plasma membrane, toward the interior of the
cell. The early patch components are disassembled dur- of the pathway presented here are widely conserved.
ing this directed, actin-dependent slow movement
phase. The patches containing only late components Does the Model Fit the Earlier Observations?
Since actin patches were first observed some two de-then transition to a fast movement phase during which
the late components are disassembled. We speculate cades ago, their functions have been unclear and expla-
nations for their properties obscure.that forces from actin polymerization propel the early
complex into the cytoplasm, and possibly invaginate First, it has been observed that there are different
kinds of cortical patches with different protein composi-the plasma membrane and contract the vesicle neck to
release an endocytic vesicle. The early components are tions and motile properties (Warren et al., 2002). Do
different classes of patch exist? Our real-time two-colorlikely to be disassembled as a response to phosphoryla-
tion by Prk1 and Ark1 kinases. Prk1p-dependent phos- analysis of patch dynamics provided an answer. The
different kinds of cortical patches observed previouslyphorylation of Pan1p and Sla1p has been shown to pre-
vent these two proteins from interacting (Zeng et al., are different intermediates along the highly regulated
endocytic internalization pathway. The changes in the2001). Ark1p and Prk1p are localized to actin patches
in an Abp1p-dependent manner (Cope et al., 1999), and patch protein composition take place in a predictable
and invariant sequence and they correlate with changesare thus likely to be late patch components. In fact,
inhibition of Ark kinase activity causes the Arp2/3- in patch motility (Figures 1 and 2).
A second open question was whether actin polymer-dependent accumulation of large actin clumps that con-
tain endocytic vesicles and many known cortical patch ization is needed for patch motility. Different investiga-
tors have made apparently contradictory observationsproteins (Cope et al., 1999; Sekiya-Kawasaki et al.,
2003). Sla2p appears to couple actin polymerization and about whether patch motility requires Arp2/3-mediated
actin filament assembly (Belmont and Drubin, 1998;endocytic internalization because actin is continuously
nucleated from nonmotile endocytic complexes in Carlsson et al., 2002; Lappalainen and Drubin, 1997;
Winter et al., 1997). Our group has observed that muta-sla2 cells.
It is striking that, despite the lack of evidence for tions in actin or cofilin that greatly reduce actin assembly
and disassembly kinetics have no effect on the averagea direct involvement of clathrin and dynamin in yeast
endocytosis, a similar sequence of events, in which actin rate of patch motility (Belmont and Drubin, 1998; Lappa-
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lainen and Drubin, 1997). Others, however, reported that either because the association is too transient, or be-
cause the cargo is not sufficiently concentrated, or both.patch motility was reduced in mutants of the Arp2/3
complex, and they therefore suggested that patches We speculate that when endocytosis is blocked in sla2
cells, cargo proteins “pile up” at the blocked endo-may move by a mechanism akin to the one in which actin
polymerization propels certain intracellular pathogens cytic sites.
through the cytoplasm (Winter et al., 1997). Our pathway
model provides a harmonious interpretation of these Distinct Roles for Three Arp2/3 Activators
disparate observations. We observed that two different The Arp2/3 complex, which is a major nucleator of actin
kinds of patch motility exist: directed short range motility filaments, is essential for yeast endocytosis (Moreau et
of patches containing both early (Sla1p, Sla2p, Pan1p) al., 1997). Importantly, this complex does not work
and late (Abp1p, Arc15p) patch components, and more alone, but requires an activating cofactor. Three bud-
rapid long range movement of patches containing only ding yeast Arp2/3 activators are known, and each of
the late components (Figure 1C). The short-range motil- these proteins is localized to cortical patches. These
ity takes place when actin joins the patch and the long- activators are Las17p (yeast WASP), Pan1p (yeast
range motility follows immediately thereafter when early Eps15), and Abp1p. Importantly, we showed that each
patch components are gone. Both the actin poison latA behaves in a distinct manner, suggesting distinct roles
and an sla2 mutation prevent the onset of the first in endocytic internalization (Figures 1B and 1C). Las17p
motility phase (Figure 3). We propose that the first phase has the longest lifetime and therefore appears to be the
of motility represents endocytic vesicle formation and first activator in the patches. Pan1p is also an early
release dependent on Arp2/3-nucleated actin filament component. However, when the patch complex moves
assembly, and that the second phase of motility is the away from the cell cortex, Pan1p, but not Las17p, is
actin independent movement of a newly released endo- still associated with the complex. As this movement is
cytic vesicle. The second phase is dependent on the dependent on actin polymerization, Pan1p could be the
first but may not directly require actin polymerization. If Arp2/3 activator that triggers vesicle release. This possi-
the first phase is completely blocked, there is no second bility is consistent with the observations that pan1 mu-
phase. However, when the first phase is only partially tants accumulate long plasma membrane invaginations,
impaired, the second phase can proceed normally, al- consistent with failure of vesicle scission (Wendland et
beit at a reduced frequency. al., 1996), and that mammalian Eps15, related to Pan1p,
decorates rims of clathrin-coated pits, where it is well-
positioned to participate in scission (Tebar et al., 1996).Are Cortical Patches Sites of Endocytosis?
Abp1p localizes to the patches late in the pathwayInherent to our endocytic model is the assumption that
when actin recruitment to patches is maximal. Abp1pcortical patches are sites of endocytosis. However,
is nonessential but deletion of ABP1 in sla2 mutantswhether this is the case has been a matter of some
is lethal (Wesp et al., 1997), so it may have a fine-tuningdebate. Arguing in favor of such an involvement were
role, perhaps modulating stability of Arp2/3-generatedthe observations that endocytic internalization can be
branches formed when Las17p and/or Pan1p activatesblocked both by mutations in many cortical patch pro-
the Arp2/3 complex. A similar proposal for sequentialteins and by chemical or genetic impairment of actin
functioning by Arp2/3 activators has been made forfilament turnover. Moreover, one patch protein, Sla1p,
mammalian cortactin and WASP (Uruno et al., 2003).is thought to interact directly with the cytoplasmic tail
The initiation of Arp2/3 and actin recruitment to theof the endocytic cargo protein Ste2p (Howard et al.,
endocytic complex appears to be delayed compared to2002). In addition, mammalian Hip1R and Eps15, which
the appearance of the Arp2/3 activators Las17p andare homologs of the budding yeast patch proteins Sla2p
Pan1p. This suggests that the activities of these activa-and Pan1p, respectively, both localize to clathrin-coated
tors are negatively regulated, with their activation re-pits, which are known to be sites of endocytic internal-
sulting in a burst of actin polymerization once the patchization (Engqvist-Goldstein et al., 1999; Tebar et al.,
structures have acquired a certain size, composition, or1996). While clathrin-coated pits have not been ob-
architecture. Potential inhibitors of Las17p activity areserved in budding yeast, actin, cofilin, and Abp1p were
SH3 domain proteins Sla1p and Bbc1p, which each haveshown by immuno electron microscopy to associate
a biochemical inhibitory activity toward Las17p (Rodalwith fingerlike plasma membrane invaginations that
et al., 2003). Sla2p is another candidate to negativelycould be intermediates in a pathway for endocytic vesi-
regulate Arp2/3-mediated actin nucleation at endocyticcle formation (Mulholland et al., 1994). Arguing against
sites because sla2 cells have more cortical F-actina direct involvement of patch proteins in endocytosis
than wild-type cells (Figure 4) (Holtzman et al., 1993).was the observation that endocytic cargos have shown
poor or nonexistent colocalization with actin patches by
light and electron microscopy (Mulholland et al., 1999). Actin Polymerization Is Nucleated at Endocytic
Sites and Made Productive by Sla2pHere, an association between the endocytic cargo
protein Ste2p and patch proteins could be seen. How- Sla2p has an N-terminal ENTH domain that binds PIP2,
a central coiled-coil region that interacts with clathrin,ever, colocalization was only observed when endocytic
internalization was blocked by an sla2mutation (Figure and a C-terminal talin-like actin binding domain. Sla2p
could thus potentially be required to link endocytic pro-5C). This result is the first direct demonstration of an
association between the endocytic cargo protein Ste2p teins to the actin cytoskeleton. However, we observed
that cells lacking Sla2p form a stable association be-and patches. Observing the association of Ste2p with
cortical patches in wild-type cells may not be possible tween actin comet tails, endocytic cargo, and adaptors.
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The cells in synthetic media were adhered to the surface of a conca-Thus, it would appear that rather than promote cytoskel-
navalin A coated (0.1 g/ml) coverslip, which was then inverted ontoetal-endocytic protein interactions, Sla2p may regulate
a glass slide, and sealed with vacuum grease (Dow Corning). Allthis association, perhaps by inhibiting Arp2/3-mediated
imaging was done at room temperature.
actin filament assembly until a signal releases Sla2p’s For single-channel live cell imaging, the excitation light intensity
inhibitory effect. The actin comet tails in sla2 cells are was reduced with neutral density filters and images were acquired
continuously at 1–4 frames/s depending on the signal intensity. Two-formed by continuous nucleation of actin filatments at
channel movies were made using a CFP-YFP filter set (JP4, Chroma)the membrane and directional flow of the actin network
and motorized excitation and emission filter wheels (Sutter Instru-toward the cell center. The transient nature and small
ments). The CCD camera and the filter wheels were controlled bysize of wild-type patches prevented us from using FRAP
Metamorph software (Universal Imaging). For two-color acquisition,
to study them. We note that the biological role of Sla2p 22 camera binning was used to increase the signal-to-noise ratio.
is shared with its mammalian homolog, Hip1R, since Photobleaching was performed using a Zeiss 510 confocal micro-
scope equipped with a 63/NA 1.4 objective. A small region wasreduction of Hip1R levels by RNA interference caused
photobleached by scanning three times with full laser power at 488actin comet tails to accumulate in association with endo-
nm followed by image acquisition at low laser power to observe thecytic proteins (A˚.E.Y. Engqvist-Goldstein, C.X. Zhang,
recovery of fluorescence. Confocal microscopy was also used forS. Carreno, C. Barroso, and D.G.D., unpublished obser-
collecting 3D time series from Abp1-GFP-expressing cells. Ten opti-
vations). cal sections encompassing the whole cell were imaged at intervals
Real-time analysis of patches in sla2 cells revealed of 0.5 m. Image stacks were collected once every 2.4 s.
Fixation and rhodamine phalloidin staining were as describedthat they do not move, reinforcing the conclusion that
(Holtzman et al., 1993) except that the concentration of rhodamine-the association of actin with the endocytic machinery
phalloidin was lowered by a factor of 10 to minimize crossover ofis rendered nonproductive by the absence of Sla2p.
the rhodamine fluorescence to the GFP channel.While actin has now been observed to get recruited to
endocytic sites at the time of vesicle release in yeast Image Analysis
and mammals, an important question is whether this Tracking of patch movements was done using custom-made soft-
recruitment is the result of new polymerization or associ- ware. The images were first smoothed by 33 pixel averaging to
reduce camera noise. They were then thresholded with an adaptiveation of preformed filaments. The presence of the Arp2/3
thresholding algorithm, which takes into account the local intensitycomplex and three activators at endocytic sites would
level, to segment the images into patches and background. Simplesuggest the former possibility. Using FRAP analysis on
thresholding using a constant threshold value did not give good
actin comet tails formed in sla2 cells, we were able to results, as the local background was variable. The patch positions
demonstrate that actin assembly is nucleated at endo- were then determined by calculating the center of fluorescence
cytic sites (Figure 6). Another unresolved issue was intensity for each patch. The patch positions from each frame of a
movie were finally connected to the patch position in the next framewhether yeast are capable of rapid actin polymerization
to trace the patch trajectories. The thresholding parameters wereat rates characteristic of assembly in motile cells. Since
selected to give results that agreed with visual inspection of theyeast are nonmotile and reportedly have low levels of
patch behavior. The tracking results were visually confirmed by
free actin monomers, it has been speculated that their comparing trajectories to the original movies. Patches that at any
actin cytoskeletons might be very static by comparison point in their lifetime were too close to another patch to be clearly
to those of motile cells wherein actin filaments can un- resolved were excluded from our analysis. Patch lifetime analyses
were done by visually identifying the time points of appearancedergo very rapid cycles of assembly and disassembly
and disappearance of individual patches from the movies. ImageJ(Karpova et al., 1995). However, our quantitative analysis
software (http://rsb.info.nih.gov/ij/) was used for general manipula-of recovery rates after photo-bleaching demonstrated
tion of images and movies.
actin assembly at rates similar to those observed in
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Table 1. Yeast Strains Used in This Study
Strain Genotype
DDY426 MATa/MAT his3-200/his3-200 leu2-3, 112/leu2-3, 112 ura3-52/ura3-52 ade2-1/ADE2 lys2-801/lys2-801
DDY1102 MATa/MAT his3-200/his3-200 leu2-3, 112/leu2-3, 112 ura3-52/ura3-52 ade2-1/ADE2 lys2-801/LYS2
DDY130b MATa his3-200 leu2-3, 112 ura3-52 lys2-801
DDY2733a MATa his3-200 leu2-3, 112 ura3-52 lys2-801 ABP1-GFP::HIS3
DDY2734a MATa his3-200 leu2-3, 112 ura3-52 lys2-801 SLA1-GFP::HIS3
DDY2735a MAT his3-200 leu2-3, 112 ura3-52 lys2-801 PAN1-GFP::HIS3
DDY2736a MATa his3-200 leu2-3, 112 ura3-52 lys2-801 LAS17-GFP::HIS3
DDY2737a MATa his3-200 leu2-3, 112 ura3-52 ABP1-GFP::HIS3 SLA1-CFP::KanMX6
DDY2738a MATa his3-200 leu2-3, 112 ura3-52 lys2-801 ABP1-GFP::HIS3 LAS17-CFP::KanMX6
DDY2739a MATa his3-200 leu2-3, 112 ura3-52 lys2-801 PAN1-GFP::HIS3 SLA1-CFP::KanMX6
DDY2740b MATa his3-200 leu2-3, 112 ura3-52 lys2-801 sla2::cgLEU2c
DDY2741a MATa his3-200 leu2-3, 112 ura3-52 lys2-801 ARC15-GFP::HIS3 SLA1-CFP::KanMX6
DDY2335b MATa his3-200 leu2-3, 112 ura3-52 lys2-801 SLA2-GFP::KanMX6
DDY2742b MATa his3-200 leu2-3, 112 ura3-52 lys2-801 ABP1-GFP::HIS3
DDY2743b MATa his3-200 leu2-3, 112 ura3-52 lys2-801 sla2::cgLEU2cABP1-GFP::HIS3
DDY2744b MATa his3-200 leu2-3, 112 ura3-52 lys2-801 sla2::cgLEU2c SLA1-GFP::HIS3
DDY2745b MATa his3-200 leu2-3, 112 ura3-52 lys2-801 sla2::cgLEU2c SLA1-CFP::KanMX6 ABP1-GFP::HIS3
DDY2746b MATa his3-200 leu2-3, 112 ura3-52 lys2-801 sla2::cgLEU2c PAN1-CFP::KanMX6 ABP1-GFP::HIS3
DDY2747b MAT his3-200 leu2-3, 112 ura3-52 lys2-801 sla2::cgLEU2c LAS17-CFP::KanMX6 ABP1-GFP::HIS3
DDY2748b MATa his3-200 leu2-3, 112 ura3-52 lys2-801 sla2::cgLEU2c SLA1-CFP::KanMX6 LAS17-GFP::HIS3
DDY2749b MATa his3-200 leu2-3, 112 ura3-52 lys2-801 ste2::cgHIS3c sla2::cgLEU2c with pDD1174 [CEN, URA3,
STE2(11KR G392N)-GFP] ABP1-CFP::KanMX6
DDY2750b MATa his3-200 leu2-3, 112 ura3-52 lys2-801 with pDD302 [CEN, URA3 ACT1-GFP]
DDY2751b MATa his3-200 leu2-3, 112 sla2::cgLEU2c ura3-52 lys2-801 with pDD302 [CEN, URA3 ACT1-GFP]
DDY2752a MAT his3-200 leu2-3, 112 ura3-52 lys2-801 ARC15-GFP::HIS3
aDerived from DDY1102.
bDerived from DDY426.
ccgLEU2 and cgHIS3 indicate Candida glabrata LEU2 gene and Candida glabrata HIS3 gene, respectively.
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